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Abstract 
 
We investigated the structure and magnetic properties of SmxCo100-x (20 <x< 32) sputtered onto heated 
silicon substrates at 350 ºC (623 K). We found that the (110) and (100) preferential orientations 
coexist in the films in different proportions depending on the Sm content. Coercivity and hysteresis 
loop shape are dependent on the Sm content and are correlated with the crystallographic orientation of 
SmCo5 crystallites in the films. Samples with composition Sm32Co68 have predominately (110) 
orientation and show a magnetization curve with a single magnetic behaviour with coercivity of μ0HC 
= 1.12 T. In samples where the two orientations are present, the hysteresis curve is characteristic of a 
superposition of soft and hard magnetic components. The soft magnetic phase is associated with Co 
with amorphous or nanocrystalline structure. 
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1 Introduction 
There is growing interest in using magnetic components in microelectromechanical systems 
(MEMS). Magnetic materials are potential candidates for MEMS technology due to the fact that they 
scale down favourably allowing integration. When all the dimensions of a magnetic system are shrunk 
by a factor k, the magnetic force resulting from the interaction between two magnets is enhanced by a 
factor k, whereas the force for a magnet-coil interaction is scale invariant. Therefore, the use of 
permanent magnets to exert forces on a microscale in a mechanical device is more favourable then the 
use of coils [1, 2]. Furthermore, coils cannot compete with magnets for generating steady magnetic 
fields when the dimensions are less than about a millimetre because of the difficulties associated with 
accommodating the necessary number of ampere turns and the dissipation of heat due to the driving 
current required.  
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In addition, low energy consumption magnetic switches are potential candidates to replace the 
electrostatic switches in micro-electromechanical systems. The implementation of magnetic switches 
requires materials with preparation processes compatible with CMOS technology, typically below 400 
ºC. The preparation of Sm-Co alloy with TbCu7 structure by sputtering has been demonstrated at low 
processing temperature of 350 ºC [3], showing the potential of this alloy for MEMS applications 
integrated with CMOS. In addition, the Curie temperature of the Sm-Co alloy is typically about 725 
ºC[4, 5], which is larger than the typically required temperature for processing CMOS devices, hence 
the magnetization can be fixed during the film preparation process contrasting with Nd-Fe-B alloy. 
Films of Sm-Co alloys with compositions SmxCo100-x (10 < x < 25) have been optimised in terms 
of texture, saturation magnetization and coercivity. The resulting microstructure usually consists of 
polycrystalline or fiber texture in this range of compositions. Films epitaxially grown are reported with 
composition close to Sm22Co78 [6, 7] consisting mainly of the Sm2Co7 phase and recently films with 
SmCo5 phase with texture [8, 9]. The research on Sm2Co7 is concentrated on exchange phenomena in 
hard-soft bilayer systems in order to better understand the exchange-spring magnets [10, 11, 12]. Low 
temperature (270 ºC) synthesis of ordered SmCo5 nanoparticles has been demonstrated in wet 
chemical polyol process yielding coercivities between 0.01 T and 0.15 T [13,14]. In recent work, 
Balasubramanian  et al. [15] has also obtained ordered YCo5 nanoparticles using plasma-condensation 
type cluster deposition at substrates at room temperature. Balamurugan at al. [16] obtained coercivities 
of up to 0.2 T for hexagonal SmCo5 using cluster deposition on water-cooled substrate. In addition, the 
formation and magnetic interactions between nanograins of SmCo5 is shown to control the coercivity 
in film and ultra-thin films [17, 18].  
Here, we investigated the structure, phase formation and magnetic properties of SmxCo100-x (20 < x 
< 32) alloys prepared at low temperature, for integrated MEMS applications compatible with CMOS 
technology. Our work reveals that hexagonal SmCo5 with preferential (110) orientation in the films is 
promoted by an excess of Sm during the sputtering process. Overall, these results show that hard 
magnetic properties of Sm-Co thick films can be obtained by sputtering at low temperatures.    
2 Experiment 
A magnetron sputtering ATC 2000 system from AJA International was used for the preparation of 
the films. Simultaneous sputtering from two 2-inch diameter Sm16.6Co83.4 (commercial magnets) 
targets and one 2-inch diameter Sm (99.9% pure) target was used to control the composition of the 
Sm-Co films. The sputtering power over each Sm16.6Co83.4 target was 150 W (7.4×104 W/m2), whereas 
the power over the Sm target was varied up to 60 W (2.96 ×104 W/m2). Targets were cleaned for 30 
min prior to deposition to remove any residual oxide layer, which might have been formed on the 
target surface. Sm-Co films were deposited on silicon substrates kept at 350 °C. The base pressure of 
the sputtering chamber was 2×10-7 Torr and the Ar gas pressure during sputtering was 5 mTorr. 
Energy Dispersive X-ray (EDX) analysis was used to determine the composition of the films. Room 
temperature magnetization measurements were carried out using a Lakeshore vibrating sample 
magnetometer (VSM). X-ray diffraction spectra were obtained with Cu Kα radiation. Transmission 
electron microscope (TEM) model JEOL JEM-2100F was used to obtain cross-sectional images of 
Sm-Co films. TEM samples were prepared by slicing a thin micro size rectangular sample in a focus 
ion beam model FIB200 workstation where a platinum protection layer was deposited. 
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3  Results and discussion 
Compositions of the films were determined using EDX. Figure 1 shows the dependence of Sm to 
Co ratio as a function of the sputtering power density applied over the Samarium target. The intercept 
of the linear fitting with the y-axis indicates a composition of Sm16.3Co83.7, which is in agreement with 
the nominal composition of the targets. From a process point of view, the linear dependence shows 
that the composition of the films can be linearly controlled by changing the power over the Sm target. 
 
 
 
Figure 1. Sm content in the films as a 
function of the sputtering power density 
applied to the Samarium target 0 – 29600 
W/m2 (0 – 60 W). The power density 
over each individual Sm16.6Co83.4 target 
was kept at 7.4×104 W/m2 (150 W) 
during the deposition. 
 
 
 
 
 
Based on thermodynamic equilibrium considerations, for a given stoichiometry; one might expect 
to find that the crystallographic phases in the films should be in accordance with the binary Sm-Co 
phase diagram. For instance films with composition Sm29Co71 should form a combination of cubic 
SmCo2 and rhombohedral SmCo3 phases according to the binary Sm-Co phase diagram at 
temperatures of 1075 ºC[19]. However, we can rule out the presence of both these structures in our 
films as X-ray diffraction patterns show a low-angle diffraction peak at 20.87°, which is absent for 
both cubic SmCo2 and rhombohedral SmCo3 (figure 2). This indicates that the thermodynamic 
equilibrium assumptions do not form the bases for the analysis of the crystallographic structures 
present in our deposits. Therefore, the structures formed in the films are in meta-stable states, given 
the low deposition temperature used to prepare the films (350 ºC). The peak at 20.87° is indexed as 
(100) diffraction peak of the hexagonal SmCo5 (model structure CaCu5[20] ), which corresponds to the 
phase in the magnetic targets and confirms that hexagonal SmCo5 is the dominant phase in the films as 
shown in the diffraction pattern in figure 2. The higher order diffraction peaks (200) and (300) of 
hexagonal SmCo5 can be seen in figure 3, which further confirm the presence of this structure. 
 
 
 
Figure 2. Low angle X-ray 
diffraction pattern showing the (100) 
diffraction peak, which is indexed as 
hexagonal SmCo5 with model structure 
CaCu5 [20]. Films have composition 
Sm29Co71. 
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Figure 3 shows the X-ray diffraction patterns of Sm-Co films as a function of film composition. 
The peaks are indexed as hexagonal SmCo5 and as received Si substrate peaks. As there are no other 
diffraction peaks associated with known crystalline structures of Sm or Co in the experimental spectra, 
we conclude that whatever material is still to be accounted for is in nanocrystalline or amorphous form 
(figure 3). Thus, we will argue that the films consist of a combination of crystalline hexagonal SmCo5 
and nanocrystalline/amorphous Co. Another interesting feature that we observe in the deposits, as 
shown in figure 3, is the presence of two preferential orientations depending on the composition of the 
films. The (110) preferential orientation in the films is promoted by increasing the amount of Sm in 
the deposits (see figure 3(c,d,e)). A TEM cross-section image of Sm29Co71 film is shown in figure 4, 
showing that the film thickness is about 1.25 μm. The Pt layer in the image was deposited during 
sample preparation for TEM analysis using a FIB. The white region between Pt and Sm-Co is an oxide 
layer formed due to long term exposure to atmosphere. For applications, a capping layer such as Cr is 
required.  
 
 
Figure 3. X-ray diffraction patterns of (a) oriented Si substrate and Sm-Co alloy with composition 
(b) Sm20Co80, (c) Sm25Co75, (d) Sm29Co71 and (d) Sm32Co68. All diffraction patterns were indexed with 
the hexagonal SmCo5 with model structure CaZn5. The substrate was kept at 350 ºC during the 
deposition for all the samples. 
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Figure 4. TEM cross-section of Sm29Co71 film sputtered onto a Si substrate at 350 °C showing the 
thickness of the film as about 1.25 μm.  Scale bar is 0.5 μm. 
 
 
The small shift in the peak position towards low angles, which is observed in the (100), (200) and 
(300) diffraction peaks, indicates that one of lattice parameters of SmCo5 is a bit larger than that of 
stoichiometric hexagonal SmCo5. By using Bragg’s law and the position of the (100), (200) and (300) 
peaks, we obtain a lattice parameter a = 0.5044 nm. This value is larger than that of stoichiometric 
SmCo5, which is 0.5002 nm [19], indicating that the hexagonal structure has an excess of Sm, which 
occurs by partial substitution of Co by Sm.  
As can be seen from figure 5, the shape of the magnetization curves of Sm-Co films is strongly 
dependent on film composition. Except Sm32Co68, all the other films show  hysteresis loops with two 
distinct and abrupt changes in magnetization corresponding to soft and hard magnetic components of 
magnetization. The presence of a soft magnetic component is more pronounced in films with lower 
Sm content, see for instance Sm20Co80 figure 5 (a). By interpreting the magnetization curves as a 
superposition of soft and magnetic components, we notice that there is a good correlation between the 
magnetic components and the composition of the films. The magnetization curves might be 
understood in terms of the amorphous/nanocrystalline Co,  which is magnetically much softer than 
crystalline SmCo5. As the Sm content of the films increases, there would be less free Co, associated 
with the soft phase. Additionally, Sm does not form a ferromagnetic phase at room temperature. One 
can also see that the coercivity of the hard magnetic phase remains almost constant about 1.1-1.3 T 
and is independent of the Sm content. This indicates that the hard phase is formed for all the samples 
independently of the Sm content and corresponds to hexagonal SmCo5, which is in line with the 
results obtained by X-rays diffraction. The soft magnetic component is likely to be associated with Co 
which had been “liberated” as a result of the slight oxidation of some Sm during the sputtering 
process. Increasing the power applied to the Sm target, the excess of Sm partially compensates the Sm 
lost to oxidation and the soft magnetic behaviour is suppressed. 
0.5 μm 
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Figure 5. In plane room-temperature magnetization curves of as-deposited SmxCo100-x films with x 
= 20 (a), 25 (b), 29 (c), and 32 (d). The substrate temperature was kept at 623 K during the deposition. 
 
The magnetization ratio between the soft and hard magnetic phases is directly proportional to the 
Co content as it varies linearly Co content for samples with composition between Sm32Co68 and 
Sm25Co75 as shown in figure 6. Sample Sm20Co80 deviates from the linearity as it has smaller 
crystallite size as evident from the broader (110) and (200) diffraction peaks (see figure 3(b)). Thus 
the amount of soft phase seems to have saturated. This also supports the idea that the soft magnetic 
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component may be the result of a partial oxidation of the Sm in the commercial magnets used as 
targets. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Dependence of the ratio of magnetization components (Msoft/Mhard) on the Co content in 
the Sm-Co films. 
4   Conclusion  
 
In a search for a low temperature preparation process of permanent magnets for application in 
MEMS, we have prepared thick SmxCo100-x (20 <x< 32) films. We investigated the microstructure of 
the films using XRD and TEM and found that the microstructure of films consists of a mixture of 
hexagonal SmCo5 as well as a nanocrystalline material. The nanocrystalline material can be 
nanocrystalline Co resulting from a partial oxidation of some Sm from the SmCo targets.  The 
magnetic properties of the films are affected as the power applied to the Sm target is varied. A two 
stages magnetization curve is evident in films produced with less Sm. Samples with two 
crystallographic orientations show a soft magnetic component, which could be interpreted in terms of 
mis-aligned crystallites of SmCo5 and nanocrystalline Sm-Co. The soft component disappears in 
sample with large amounts of Sm and a single crystallographic orientation. 
This unusual meta-stable state may find application in MEMS integrated with CMOS. The fact that 
samples with high coercivity are obtained at low temperature may also be an advantage when 
incorporating Sm-Co with other technologies. 
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